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Abstract--- l’his paper dcscribcs the application of an
autrrmatcd  planning and scheduling syslcm to the NASA
Eiarth Orbiting 1 (liO- 1 ) mission. g’hc planningz systcm,
ASPF;N, is USCCI to auk)nomously  s c h e d u l e  (I)c d a i l y
activities of the satcltitc. l’hc satellite and operations
constraints arc cncodcd  within a software model used by the
planner. This paper includes a dcscriptiorr of the planning
systcn]  and the associated modeling Ianguagc. WC then
cliscuss how wc cncodcd  the liO- 1 spacecraft operations
with the mock] in.g language. W c  concl LKlc wi[h a
descr ipt ion of the cncl-to-cnd  planning systcm as wc
envision it for HO-1.
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1. INTM3DLJCTION

Automatccl  planning/scheduling technologies show great
promise in reducing operations costs by increasing
aulormmy of 110-1  mission operations. “1’hc Artificial
Intel Iigcncc  (AI) Group at the Jet Propulsion 1,aboratory
has been working on a systcm called ASP1;N (A Scheduling
and Planning lh~virontncnt).  ASPIiN  [3] is a modular, rc-
con figurab]c application framework based on AI techniques
[ 1], which is capable of supporting a variety of planning and
scheduling applications (similar 10 [4]). ‘1’hc primary
appl i cat ion area for ASPIiN  is the spnccc raft operations
domain.

101  [5] is an I;arlb imaging satellite [O bc Iaunchcd in May
I 999. ‘1’hc scicncc payload on HO- I is an advanced n]ul[i-
spcctral  imaging dcvicc. Mission operations on 101
consist of managing spacecraft operability constraints such
as power, thertnal, pointing, buff’crs, Consutnablcs, a n d

tclccorllrllLtrli catic)r]s. }iO- 1 science goals involve imaging of
spccilrc  targets within particular obscrva(ion parameters.
Managing IL()-  1 spacecraft dowmlink is particularly difficult
because the amount of data gcncratcd  by the imaging dcvicc
is quite Iargc and ground contacts arc Iimilcd. In adclition,
bccausc scicncc targets for 101 arc based cm short-term
cloud predictions, schcduics  mu$[ bc gcncratcd  ciai[y.

Planning and scheduling spacecraft rrpcratirrns involves
gcnct-atin.g a scqucncc  of Iokv-level spacecraft commands
frf)rn a SC( of high-level scicncc  and cnginccring  goals.
ASPIiN encodes spaccc-raft operability constraints, flight
rules, spacecraft hardware models, scicncc  cxpcrimcnt  goals,
and opct-at ions procedures to allow for automated generation
of Iow-level spacecraft scqucnccs. fly automating tbc
command scclucncc generation process and by Cncapsulatirrg
the operations specific knowdcdgc,  ASPI;N  will enable the
I K-  I spacecraft to be control Icd by a small operations team
and thereby rcducc costs.

2. ASPEN

AS}’llN is an object-oriented systcm that provides a reusable
set O( software components that implcrt]cnts  the clctncnts
con]nlonly found in comp]cx pl;lr]nir~g/schcc[ Lrling systems.
l’hcse include:

● An expressive constraint nmdcling  language to allow
the user to define naturally (IIC application domain

● A constraint nlanagcmcnt  systctn for rcprcscntirrg and
rtl:linlaining spacccmft (Jpctatrility and rcsourcc
constraints, as well as activity rcquircrncnts

● A set of scat-ch slratcgics
● A temporal reasoning systcrn for cxprcssirtg a n d

maintainitlg temporal constraints
● A graphical intcrfacc  for visualizing plans/schcdu[cs

(for use in mixed-initiative systcrm in which the
problctn solving process is inter-active

Wc have implcmcntcd  lhc Iincar  pro~t-armning s imp lex
nlgorithtn to optirni~c  schedules for AS PILN. At present,
though, AS1’IiN  is not making usc of it. I’here arc hooks  in
the LXKIC to add this and crthcr optimization algorithm at a
lalcr dak.

“1’hc central data structure in ASPI\N  is an activity.
activity I-cprcscrlts  an action or step in a plankchcdulc.
activity has a slart time, an cnd time, and duration.
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1 A c t i v i t y  ALI_clata_take {
—

2 Fixed fi;
3 T r a c k i n g  t r ;
4 D u r a t i o n  =  [ 1 , 6 0 ] ;
5 C o n s t r a i n t  =
6 starts..after e n d  o f  SAD__changer  w i t h  (fi->sadl) b y  [ 1 0 0 , 3 0 0 ]  ,
7 erlcls_.before  s t a r t  o f  SAD_changer w i t h  (tr-->sacll) b y  [ 1 6 , 1 6 ]  ,
8 Cc,ntains SAD__user w i t h  (fi->apl) b y  [ 4 , 4 , 0 , 1 0 ] ,
9 Cc,ntainecl.by S A D _ u s e r  w i t h  (fi->sadl) b y  [ 3 0 0 , 3 0 0 , 1 , 1 6 1 ;
10 S u b a c t i v i t i e s  =  AI,I_user_ d a t a ,  Al,I_da~-k_count;
11 r e s e r v a t . i o n s  =  p r o c e s s o r ,  a~-ray.powel- = 80;
12 1;
13
14 Activity SAI)_.changer {
15 Sad_mc,de  sadl;
16 r e s e r v a t . i o n s  =  solar_array change_to sacll ,
17 a p e r t u r e  rnust.be open;
18 }; -—. . . . . . .

l< I~UI-C 1: Achwty t</xanlPlc

addition, activities can usc onc or more ~-csmrt-ccs.  I;or more
dcwrils on ASPIIN, scc [2,3].

3. MOIJI;I,ING  1.ANGCIAGIi

The ASPEN modeling language allows the user 10 define
aclivi(ics, rcsourcesj a n d  SMCS as dcscribcd  a b o v e .  A
domain nmdcl is input at skrrl-up  time, so modifications can
bc nmic to the model without requiring ASPliN  to bc
rccompilccl. ‘1’hc moclcling  Ianguagc has a simple syn(zrx,
which cm easily bc used by spacecraft mission operations
personnel to create a nmdcl. Ilach spacecraft model is
compt-iscd of several plain-text files, which define and
instan(iatc activities, rcsourccs,  and states.

Acti\itie.s

As previously mentioned, activities arc the central data
structure of ASPEN.  An activity is a data structure that
performs a specific function. The example  in l~iguw 1
inclacies an instrument dat:t take activily and a solar army
cirivc state change ac(ivity. l’hcsc cxanlplcs  will bc used to
explain the con~poncnts  of an aclivily.

An activity is defined in Iinc I and 14 of l:igurc 1. “1’hc
dcfiaition includes the name followed by a pair of bracws
and a scnli-colon  similar to the C language syntax. ‘1’hcsc
arc (1IC only rcquirccl cornponcnls  of an activity dcfrn ition.
Once the activity is clcfinmt, it can bc instantiated in the
initial state file. Generally, this instance will consist of the
activity narnc followed by the ins[ancc narnc and a pair of
braces. Many of the components below (hat arc spccificd  as
ranges can bc flxcd to specific values in the activity
ins(ancc.

Parameter-s arc generally used to slorc values in ac[ivilics  or
reservations. I.ines 2 ancl 3 contain parameters defined
clscwhcrc  in a parameters file. In this case, they arc
constants that rcprcscnt state names. Parameters can also bc
passed intu activities from higher ICVCI activiticx (parent
activities). 1 ,inc I 5 contains an example of a parameter- that
is pawed into an activity. The pararnctcr  sad_rmdc  is an
cnumcratcd  type varizrblc that contains the cumnt state
value of the solar array dr-ivc. Any onc of the state valLlcs

can bc passed into the SAIJ_.changer aclivity wbcn called
from a parent activity.

‘1’hc duration of an activily is given as a range [x, y], a list
{a, b, c, d ] or a constant I.ine 4 defines the duration as a
rm.gc of 1-60 seconds. “1’hc time scale of the spacecraft
rnissit)n  planning can also be spccificci.  All ranges within
AS}’IiN can bcspccificd  frornncgativc  irrfinit  ytoinfinity.
If a l-ange is given for the duration, ASPEN will have more
ftcxibility in considering differcn( schcdulcs.  “l’his can result
in bcttcl--optimiz,cd  schcdulcs.

Constraints arc tcrnporal  constraints an activity must satisfy
wi(h respect tu the (owner) activity in which the constraint is
defined. ‘1’hcr-c  arc six types of constraints: slarls_ bcfm,
starts. rrflcr, ends_ bcf(mc, cads. rrflcr, contains, a ad
cmtaincd  by. “1’hc first four constraint types include a time
range and a tcrnporal relationship to the start of or cad of the
activity in question. F~or example, cm line 6 in I~igare 1, the
AI ,1. dat:i_takc activity must start after the cnd of the
SAI)_  changer activity by 100-300 seconds. l’his constraint
tells the schcdulcr  that the SA1lchangcr  activity mast bc
cornplctcd at Icast 100 scconcis before the AI .l_data_talw
activily starts. Using the same method, the start or end time
of any activity can bc specified relative [o the start or end
Iimc of the owner activity. If the tirnc duration is spccifieci
as [0,0], the star[ m cnd tirncs will coiacicic exactly. l’hc
“contains” constraint is usecl for activities (hat fall within the
owner activity. ‘Ibis  constraint definition combiacs a
sLlrts_ before slart of and an cnd_af(cr  cnd of pair of
constraints. l~or cxarnplc, line 8 dcfirrcs  a constraint for (hc
SAI>. user activity that is cuntaind within owner activity
Al ,1. dat~~_  take. ‘1’hc first two and last two aumbcrs  in the
constraint rcprcscnl  ranges of time, which separate the start
times bctwmn the two ac(ivitics  and the cad times bctwccn
the two adivitics.  SAD_uscr  must start exactly four seconds
(4,4) after- the start of AI,l_data_takc  but the cad time can
coincide wi(h the cad time of Al .l_data_takc or Up to 10
seconds (O, 10) carticr. l’his relationship is graphically
represented in I;igurc  2. Bccausc  the A1.I_ciata_take  activity
has a variable duration, ASPIiN  automatically chooses a
duration tha( satisfies the above temporal constraints.
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l’hc [containecl..by]  constraint is used for activities that arc
the same size m larger thin the owner activity. }ior
example, line 9 defines a constraint for activity SAI)_user-
ltla(starls  exactly 300scc(Jncls bcforcttlc  slar[()f a1lclctlCls 1-
16 scconcls after the end of activity Al ,1. dat:L_ take.

Subzrctivitics  arc activities that can be schcdulcd  any time
within the parent aclivity subject to r-csouwc  consti-aints
wilhin the sLlbactivity. Subactivitics arc similar to the
cc~llstrair~t-cicfirlccl  activities without the exact tcrnporal
relationship bctwccn the parent d sLlbactivitics. I;or
cxarnplc, line 10 defines subactivitics A1.I_LISCl_data and
Al ,I_dark_count. These activities must fall within the
temporal range of the parent activity AI. I_data_takc.  l’hc
main difference bctwccn “constraint” and “sLjbactivilics” is
that “constraints” can bc satisfied by any activity in the
schcclLllc.  Subactivitics arc always crcatcd w h e n  defined
wi~hin  a parent activity. “1’here is a one to one rclatior~ship
from parents to subactivitics.

Reservations arc used to rcscrvc  a fmlion  of a rcsoLltcc or-
statc for the duration of the activity. ‘l’hct-c arc two types of
resource reservations: at(mlic and aggregate. I,inc II o f
l;igurc 1 contains examples 0[ an aromic rcscr~,ation
(processor) and aggregate reservation (artay_[mwcr-).  ‘1’hc
processor rcscrvatim  rcscrvcs the processor for the duration
of the activity. No other activities can usc the processor
dLlring  this time. l’hc array_ power reservation uscs 80 units
of art-ay_powcr  for the cluration of the activity. If the
array_ power were a dcp]ctablc  rcsourcc,  (I)c 80 Llni(s woLJld
bcrcscrvcct frornthcstart crfthc activity until thccnd  of the
planning hor-imn.

State reservation scithcrchang  cthcs[ateof  a state variable
or rcscrvc a state for the dLwation of an activity. l,inc 16 of
};igurc 1 changcs tltcstalc  ofthcsolar_:lrray  st:llc\':~rial> lcl()
the value of parameter sad]. line 17 of l;igurc I r-cscrvcs
the “rrpcn” state  of  the apcrtLlrc sta(c variahlc  for  the
dL1ra(ion of the activity. If the apcrt L]rc sta(c var-iablc was in
a state other than “open” prior to this activity, the scheduler
wmrld have to crcatc zi state changer activity to change the
state [0 “open. ”

Rc.w{tces

Rcsourccs  arc a description of a profile of a physical
rcsoLlrcc over time. ‘1’here arc foLlr types of r-csoLlrccs:
atomic, concurrency, clcplctablc, a n d  non-dcplctablc.
Aton~icrcsoLwcc  sarcphysical  dcviccs that can only bcuscd
(rmcrvcd)  by one activity at a time. I;xamplcs  of atomic
rcsourccs  incl Lldc: scicncc  ins[rLlnlcrlt, star lrackcr,  reaction

wheel, or CPU. Cone Llrrcncy  resources arc similarto  atomic
except they must be made available to the activity before
lhcy a r c  rcscrvcd. An example WOLl]d  be a tclc-
cc)llltllLlrlic:ltiorls downlink pass. The tclccon~n~Llnications
slation WOLlld h a v e to bc made available before the
spacecraft could initiate a downlink, Non-depletable
rcsoLlrccs arc rcsoLlrccs that can USCCI by mcrrc  than one
activity at a time and do not need to be rcplcnishcct.  I;ach
activity can LISC a different quantity of the rcsourcc.
Ilxamplcs  include solar array power and the 1773 bus.
I)cptctablc r-csourccs  arc similar to nm-clcplctablc cxccpt
that their capacity is diminished aflcr Llsc. In some cases
their capacity can bc rcplcnishcci  (bat(cry energy, memory
capacity) and in other cases it cannot (fuel). A sLln~n~ary of
tt]cf()L!t lyf>cs(Jf  resources  ispr'cscrltccl  inl'ab!c ].

Resource Type
Atomic

C’orwut-wncy

Norl-depletable

I)cplctablc

Properties
Always a;ailab]c  when not in USC,
only 1 user at a time
Iix: scicncc  instrument, star tracker,
reaction wheel, dcciicatcd ~PLJ
C)nly available when made rrvailablc,
only I user at a time
Iix: LclccC,Il)lllLlllic:ll ic)rlsciowrI]lirlk

~-
Always available when not in LWC,
many LlscI-s  can Ltsc diffcrcn(
qLmnlitics
Iix: solaramyp ower and 1773 bus
Capacity;s  diminished after USC, may
or may not be rcplcnishccl by another
activity
Iix: battery energy, memory capacity,
fLIC]

“1’able 1: Rsourccl’ypcs

‘1’hc  f()llrtyllcs  () frcs()Llrccs  ilrcclcfirlccl iIllirlcs 1,6, 12, and
18 ofl~igul”c 3. l’hc dcfini(irrn  incluclcs the name followccl
by a pair of braces and a scn~i-colon  similar to the C
lal~gLlagc syntax. ‘1’hc  type is onc of atomic, concurrency,
dcplctablc and nomdcplctablc. “l’he name and type arc the
()r~lyrcclllirccl cc)r~lp()rlcnts  ofarcs{lLlrcc  clcfinitiorl. C)nccthc
rcsoLucc is defined, it can bc instant iatcct in the initial slate
file. Gcr]cr~~lly,  this instar~cc \\illc()rlsistc  ~fjustt t~crcsotlrcc
name followed by the instantiated name and a pair of braces.
Note: concLlrrcncy rcsourccs  iltc not yet implcrncntcd.

“1’hc capacity of a resoLrrcc can bc spccificd  as a cons(ant, list
or range. A range would bc used if several sin~ilar rcsourccs



wilh specific capacities were dctlncd when the l“Cs{)L1l’CCs
were inslarrtiatcd.

1 R e s o u r c e  AIJI {
2 T y p e  = a t o m i c ;
3 C a p a c i t y  =  1 ;
4 };
5
6 ResOurce :;Olar_array {
7 Type = nor-..depletable;
8 C a p a c i t y  =  6 0 0 ;  / /  w a t t s
9 };
10
11
12 R e s o u r c e  warp_storage {
13 T y p e  = d e p l e t a b l e ;
14 C a p a c i t y  =  4 0 0 0 0 ; / /  M b i t s
15 };
16
17
18 R e s o u r c e  P r o p e l l a n t  {
19 T y p e  =  d e p l e t a b l e ;
20 C a p a c i t y  =  1 5 ; / /  k g
21 };

IJi.gurc  3: RCSOUICC Iixmplcs

An atomic rcsourcc  has a unit capacity and does not have to
bc explicitly SCL such as on line-3 of F’igure 3. Ikplclablc
and nrrn-dcplctablc rcsmrtccs cicfi nitions cm contain a
minimum capacity such as in lines 9, 15, and 21 of IiigLlrc  3.

sfflt(’.s

A dcvicc,  subsystcm, or systcm may bc rcprcscnted  by a
state variable that gives information about its state over
time. ‘1’he  state variable contains the state profile, which is
defined as an cnumcralcd  type. Some cxamptcs  of pmsiblc
s[atcs arc: on, off, open, closed, rccorxl, playback, standby or
idle. States can bc rcscrvccl or cbangcd  by activities. A
state variable mLIsl cqLlal smnc state at every time. A( lhc
beginning of a planning horizon, this slate is jLlst the dcfnu!t
state. I~igLm  4 contains two examples of state variable
definitions.

A s(atc val-iahlc is LIcfincd  in lines 1 and 7 of l;igLlrc 4. ‘1’hc
clcfinition  inclLdcs  the name followed by a pair of braces
and a semi-colon similar to the ‘~’ ]anguagc syntax. l.incs 2
and 8 contain a list of the states the state variable can
contain. ‘l’he  &f:lLll[ state musl bc clcfincd and lIILIS1 bc Onc
of the states in the list. Once the stale variable is defined, it
can bc instantiated in the initial state file.

“1’hc allowable state transitions bctwccn  stales can bc
inclicatccl using the ‘transitions’ keyword with a forwad  (->)
mow, a bi-dircctionat  arrow (<->), or with the ‘al]’ keyword
(e.g., all< ->zrll).

P(lt”(ltllctf  ts

“1’hc ASPIIN  n~Ldcling langLlagc includes parameters, which
arc variables or constants. Pal-amclcrs can consist of
integers, s[rings,  floating points, booleans, or lists or ranges
of any of these. Parameters can bc defined as cnLln~crakxl
types for a list of slates in a stale variable. kmgcs  of valLIcs
can also bc used. Sotnc examples arc:

● pal-anmtcr swing A1.I_ mode { domain = (“data’>, “iLllC”,
“s(an(lhy”,  “ofr’); ) ;

● pmmctcr int warpl-angc { domain= [ 1 ,40960]; );

It] the fir-sI exmplc, the Al.]_ nmcIc  paran~cter  can take On
any of the four val Llcs in the list. In the second example, the
wmrprangc parameter can bc any intc,gcr in the indicated
I angc from I 1040960.

1X)- 1 MC)I)EI.

IiO-  I is an ilarth imaging satellite that is par( of the Ncw
Millennium Program  of technology validation missions.
‘1’IIC  NASA Goctdat-d Sptcc  I~light  ~cnter  is responsible for
project management. ‘lThc purpmc of 1~0- 1 is to \’aliclatc
ncw tcchnrrlogics that can bc USCCI on fut Llrc I,andszrt  class
limb remote sensing missions. In fact, 101 will bc flying
in fommtion onc minu(c  behind 1.andsal-7,  with the goal of
imaging as many of the same targets as possible. ED 1 will
bc Llsing the I,andsat 7 daily sccnc lisl as an input file of
potential 1;0- 1 targets.

‘1’IIC main activity in I K)- 1 operations is the Advanced 1.ancl
Image]- (A1.1 ) data take. ‘1’hc AI.1 instrument contains six
sCpa121tC dL’tCCk)lS tbilt OLltpUt  dat:l SilllLlltanCOLlsly. Onc
image takes a lotal of 24 seconds ancl consLInIcs  about 19
gigabits of data on the sol id state recorder (WARP).
BccaLlsc the capacity of I}]C WARP is only 40 Gbi(s,  it is
important to plan the data takes and downlinlm  to maximi?c
the anmLInt  of data rcturnccl. I)LIC  to Iimitcd anloLln[  o f
downlink  time available, only four data talws pcr day can bc
taken. Data takes can bc prioritized basccl on the followins
paramclcrs:

● C’I(md cover over the rc~ion to bc imaged
● Sun angle at the region to bc irnagcci
● Ability to return the data bcfcm overflowing the

WARP rccordcr
● Images coinciding with I ,andsat 7 images
● Imaging of scicn(ificaily  in[crestin.g areas

1 kich lio - 1 data take has scvct-al conditions that mLIsl  bc
satisfied before and after the data take occ Llrs. ‘1’hcsc
cxmlitions  arc listed below:

IIcfol”c:
● ~~hangc the A(3 mode to scicncc
● ~hangc the solar array to a fixed m-icntation
● Opcn the All apcr[urc
● (’hangc the data rate to high rate mmlc

Alter:
. CTlosc t h e  Al,1 apcr(Lirc
● ‘1’aIW onc second of calibration data
● ~hangc the ACX,  solar awry, and data rate mmlcs

brick to the prcvioLls valLms

[;ach of tbcsc conditions is modeled as temporal constraints
in the Al.] data take activity. ‘lThc data take activity itself is
only a 24-second aclivity. ‘1’hc  constraints on the activity
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——
1 State_ va~-iable AI JI. sv (
2 s t a t e s  =  (  “clata”, “standk)y’f,  l,j~]~,!,  ,’Off,, )  ;
3 traI-LsitiOns  =  (  “standk~y’’-  clata”,a”, “Clara’’-  stanclby”,y”, “iclle’’- >st~ndby,y,’,

“stanclby’’-i  dle”,e”, “ o f f ’ ’ - > ’ ’ i d l e , ’ , “icile->off”) ;
4 default_state =  “ i d l e ” ;
5 };
6
7 Stat.e..variable aperture.sv {
8 s t a t e s  =  (  “ o p e n ” ,  “closed)) ;
9 t r a n s i t i o n s  =  (  “opera’’-  clos~,cl”,l”,  l’~]os~,d,, ->,,Open,, ) ;
10 default.state =  “ c l o s e d ” ;
11 };.——.—

[;igurc4: Sliltc V:lrial>lc l\x:llll~llcs
-—

span apcriodof five minu(cs bcfort  and oneminutc  aftcrthc
lmundsof  the activity. q’hccf>ns([-:lirlts olltt]c  zlclivilycc)ltlcl
havcbcen  modc]cda ssubactivitics. ‘J’hc  mason wcchoscto
mode] these activities as constraints is bccxruse ofthcir tight
temporal constraints. l’hc clata take activity tweaks down
into 14scparatc  activiticsaslistcd  irlrl’ablc2~

‘ALI Scene Collection
ALl_data_take aperture_.changer
ALl_user_.data engdata_user
ALl_user_standby engdata_changer
ALl_changer ACS_user
SAD_user ACS_changer
SAD_changer cloud_cover_.changer
aperture_user sun_angle_changer

‘1’ablc2: 1;0-1 Scicncc Activities

‘lhcAI,l mus(bccalibra(cci by vicwirl~thc sun orthc Inoon
regularly. The sun calibration invoivcs pointing at the sun
and changing the apcrlurc  flltcr several limes. ‘1’hc 11)()()11
calibration points at the lunar limb and pans across  (I)c n)oon
using each of the detectors. Sinlilal- to Ihc data take
ac(iv itics, the calibrations involve several constraints, ‘1’hc
c:~libratic)n aclivities:~rlcl  c(Jrlstr~iir~ts  arclistecl in’1’able 3.

1;0-1 ccjllllllLlrlicati{)  rlactivitics:lrc  Illc)clclccl  as f()ll()ws:

1. Arli!lpLlt filcgi\rcs  t}lctilllcs atw]lic}l ttlcgt-c)LtrlCi s1:lti()t]
is in view 01 the satellite.

2. ‘1’hc in view times arc convcrtcd  into a state var-iablc
with thcvaluc  ‘invicw’ or ‘oLttvicw.’

3. l’hc planner chooses cor]]t~)Lrr)icatiot] links during lhcsc
in vicwtimcs.

4 .  l'hccc)tl~r~lLlnicatic) nlir~kis brc)kcrl  cl(>wt\ itlt()l!r~lit~ks (if
l-cquircd)  and downlinks.

——
ALl_sun_calibration
slew_to.sun
aper_test_changer
AL1._moon_  calibration
moon__cal_ms_ pan
slew_ to_ moon
ramp_up_pitch_slew
ramp_down_pitch_Slew
roll_ to_next_position

‘1’ab~3:  1;0-1 Calibratior~Activi Cs

“1’hc 1~0-1 rnoclcl also includes inilializ,alion  actil’itics for
pc)w,cl-,I>r-ol>cllarlt, andmcmory. I’hcsc activities arc used to
keep track of consumable rcsourccs  from the previous
planning period.

A twy-word  ‘command’ is used for activities that rcprcscnt
an I1O-I spacecraft command, When the commancl keyword
is included in the activity dcfini(ion, along with the
command name, the spacecraft conlmand ou[put file will
include a time tagged command fortbat  aclivity.
‘1’hc  101 spacecraft rcsourccs arc modeled as either
dcplctablc orr~oll-clc[~lctablc.” It was not ncccssarytomodcl
cvct-y physical  dcvicc on }01 bccausc  m a n y  dcviccs
L’OIISLIIIICC[  a constan( power and dicl not in(eract with any
spacecraft activities. ‘1’hc pov’crc)ftl]cscclc~,iccs  is inc[udcd
in the pow’cr_irlit  aclivity. ‘lThc rcsourccs  that arc modeled
m Iis[cd  in “1’able 4.

I prm=s.~Non-Depletable-—
ALI
S_ band_Receiver Bus_1773 Warp~storage
Transponders Cat_bed_heater Propellant
solar. array WFF
ACDSE DSN
Warp -___L__—J

‘1’at)lc4; IiO-l RcsoLlrccs

‘J’hc lio-I ASpIiN rnodcl has tcn cliffcrcnt state variables
which arc listccl in”l’ab]c 5. Most ofthcsc  state variables arc
used to rcprcscnt  the state of a spacecraft rcsou[-cc. l’hc
slates arc LIscd  in ac[ivitics  that require a resource to bc in a
particular s(atc. ‘1’hcsc  rcquircrlicr~ts arc specified in the
rcscr~’zitior~softhc  activity. F’orcxarnplc, the 110-1 da[u take
activi[y requires the WARP state variable 10 bc in record
rnodc during the pcr-iocl of imaging. ‘1’his rcquircmcnt
ensures that the data is bcit~g rccordcd  during the imaging
f)pcration,  Activities arc defined that either charrgc or- LISC a
particular state of a state v:iriablc. ‘1’hCSC  aCti Vi[iCS LISLlally
contain a command keyword that corresponds to an IiO-l
space craf[ command.

‘1’hc modeling language has been designed such that it can
Inodcl a physical spacecraft system directly. It is a
dcscrip[ivc  lar~guagc that allows an crlginccr to directly
l-cprcscnt the physical spacccr-af[ information in the model.
in fact, the 1;0-1 model was ctcatcd by an cnginccr (first
author, Rob Sherwood) who had no knowledge of the
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sollwart  or its algorithms  aad pt-occdutcs,  klc sLuxxsfolly
crcatcd the model by simply taking the 10 I spacecuafi
inlol-maticm and pulling il into the modeling laIlgLmgc
syntax. I’his  process took three weeks, Another similar
model for the Spacecmlt Intcrfct-omctr  y Mission took Icss
than two clays.

I State Variables I

Wriable / Possible States

AI .I_SV data, s(mlby,  idle, off
SAl>_sv off, tracking, fixed

*rlurc_.sv open, closed
*rturc_tcsl_.sv small, rued, Iargc,  blank
~clata_sv high, low
A~S_sv I nadir, low,~ittcr,  s t a n d b y ,  safe,

orbit_ adjust,
WARP_sv off, idle, reed, playback
~loud_Ck)vcr_.sv low, nlcd_ low, mcd, rllccl_ high, high,

none
SLl]l_ Anglc_sv low, mcd, high, none
WI;I:_invicw_sv in, out

“rablc5: 1;0-1 State Variables

‘1’hc nmdc]ing langLtagc is ffcxiblc  and allows for dif[ircnt
ways of rcprcscnting  the same information. l’hcrcfore, there
is no onc correct model for a given spacecraft. “1’bc 1X-I
mocicl is constrained to have ccrtaia state variables, for
example, as dctcrmincd  by the mission, but, on the other
hand, coLIld have different ways of rcpt-cscntirlg  constrains
bctwccn  activities.

ENI)-~0-ENI) PI.ANNING sYSTtlM

“1’hc goal of this 1;()- 1 work is to produce an automated om
board planning sysicm for spacecraft con~manding  of the
1;0-1  satellite. I’hc systcm will bc validated after launch on
the ground. As a ground based planner, the inputs to
ASPIiN  inclLrcfc:

● I,andsat-7  C]OLK1  cover and sun ang[c predictions
● r2Llrrcnt  power-, propellant, and memory Icvcls
● SLln, moon, ancl sky calibration requests
● Ground station view files
● Mzrncuvcr requests

Once ASPI;N  is dclivcrcd  to the 1;01 project, tbc[-c will
only bc minor changes made to the model to integrate
ASPIiN  into the existing operations. Wc plan to automate
the loading of the input files sLIcb  as cloud cover and sLln
arlglc predictions into AS P1; N, and link the oLIlput  schedule
of ASPIIN dil-cctly to the existing IiO- I so f[wal-c, In fact,
the creation of tllc inpLlt files can bc invoked from cxtcr-nal
calls from the ASP};N  CJLJ1. With ASPIiN linked directly to
its input files thlough the (3~J1, the 110-1 planning pt-occss
will bc scarnlcss  and efficient.

‘1’hc output of the groLInd  based validation of the planner will
be a text list of time tagged commands that will bc transl~atcd

into binat-y spacecraft commands  by the ground sys[cm  load
gcncrati(m Lltilily.  “1’his utility is already bLii\t into the 1;0-1
gt”oLrnd  system.

‘1’hc or~-board planning systcln will rcqLlirc upload of the
ground  slation view files and lnancuvcr  rcqLlcsts. ‘1’hc cloLKl
COVCI  could be obtained by Llsing the AI, I scicncc instrument
to examine the C1OLKIS before a sccnc. After the image is
taken, the cloLK\ data woLrld bc analy~cd to clctcrminc  if the
sccnc shoLlld  be saved and dowmlinkcd. ~’10LldCd  sccncs
woL[ld  bc erased from the WARP and a new sccnc woulcl be
planned k) take its place.

E()-  I A4(del in A ctim

Gcncratirlg 1;0- I mission operations schcdulcs  is a fast
process. Given a set of F,O-  1 requests, ASPIiN will ,gcncratc
a conflicl-free schcdLl!c within the order of a few minutes for
lengthy schcdLllcs, and within seconds for simpler schcdulcs.
I’or example, for 162110-1 activities, it takes ASPEN 3.53
seconds (on a SLJN [Jl[r:\-2)  to produce a conflict-free
schcdLilc. ‘1’here arc no F,O-  1 schedules that take more than
a n~inLltc to schedule, but with other spacccraf[  models with
more activities and ]cngthicr-  schcdLl]cs, wc have seen a
nmximum  of five rninulcs to prodLlcc a  corrff ic t - f ree
SChCd  Lll C.

In addition to having the activity rcclucsts spccificcl in
advance, the user can make changes to the schcd Lr]c from the
G(JJ as nccdcd. I:or example, t h e  Llsct- could add a n
Al ,1. daI:I_Iakc activity. If this caLIscd cont]icts  in the
schcd Lllc, then ASPIiN  woLIld resolve the conflicts. I’his
who]c process tukcs seconds to cxccLltc. };or example, with
the 10 I model, if wc add three AI. I_datti_ take activities in
tbc G(JI  (randomly placed), t h i s  caLlws 34 confficls.
Resolving all conflicts, and prodLlcing  a corrflict-free
schedule takes 1.54 seconds (on a S~JN ~Jltra-2).  I’his
means that it is solving approximately 17 conflicts per
second. (Adding jLlst onc data-take activity causes a Iargc
nLlmbcr of con fficts bccaLlsc of the constraints bctwccn
activities and the states rcq Llir-cd by different activi ties.)
~ut-rcntly,  activities can bc given a particular score, and
higklcvcl  pr’cfcrcnccs  (sLlch as rcsoLlrcc max usage) can be
indicated Vvhich also determine sums for activities. l’hc
gcncmtcd schedule is then g ivcn a score based on the
activities’ scores. (Jsing this score, the user can then choose
(mc gcncm[cd schcd Lllc over another. Wc arc presently
working on an algorithm that will aL]tonlatically optirniz,c
Scbcdull?s.

I.inlitati(ms of A.VPEN

‘1’hc alg(withms  and data strLlc(urcs used in ASPIiN impose
some limits on what ASPIiN  can model and solve. l:or
cxarnplc, the iterative rcpait algorithm used to repair
schcd Lllcs and make them conflict-free is a local search
algor-ithrn and therefore canno[ SOIVC problcrns where local
scaruh  techniq Llcs do not work. Wc ate currently developing
a search algorithm framework which will allow many types
of search strategies (global and local) to bc USCCI in ASPI;N.
In addition to the current local search algorithm constraint,

at present AS PliN also prcs Lln]cs that the units in tbc



timclincs,  which can take linear or exponential functions, arc
constant WI ILIC over a unit. In the fu(urc,  ASPIIN  may have
units whose value varies over the unit, but now it is a known
limitation. 1.astl y, although the modeling Izmguagc  is
cxprcssivc, it is Iimitccl 10 what can be cfcfincd within the
exist ing moclcling langLlagc syntax l:or example ,  i t  i s

currently ctill”icull  m model the prtwcr  interaction bctwccn
the solnr  array and hattcrics. When the 10 I satellite is
occulted by the Ilarlh, activities in the plan which usc solar
array power must instead usc battery power. I’hc rcvctsc is
trLlc wl)cn  110- I is in direct sLlnlight, I’here arc also pcl-iods
where both solar array ancl batlcrics arc LIscd for power due
to partial illumination of (he solar array. ~ombining these
effects wi(h the complex charging and ciischarging  cycles uf
the batteries crca[cs a difficult problcm  to model. Wc arc
currently improving the nmdclirrg  hrnguagc  su cmw~lcx
intcracticms SLdI as these can be successfully modeled.

CONCI.USIONS

Modeling 101  mission operations in ASPIiN  is easy and
compact. The entire 1;0-1 model consisting  of the activities,
parameters, reservations, resources, and state variables as
described above, is rcprcscntc(l  in approximately 700 Iincs
(in plain text files) which ZIISO includes comments and
headers. The simplicity of the nmclcling  language will allow
the operations pcrsorrncl  to easily change the model  when
needed The changes will no( rcqrrirc  a rccompilc  of the
code.

Wc have successfully nmlclccl 101 mission opcratim
activities with ASPEN. Wc have created a model which
encapsulates information about: data takes, calibration
activities, maneuvers, Llpl i nks, downl inks, validation
activities, cloud cover ad sun angle states, and inilializalitm
activities of power, propellant, and d:ita storage. LJsing  this
mocicl with ASPIiN will enable HO-1 to function with a very
small operations team.
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